Scenedesmus cells grown on high CO2, when adapted to air levels of CO2 for 4 to 6 hours in the light, formed two concentrating processes for dissolved inorganic carbon: one for utilizing CO2 from medium of pH 5 to 8 and one for bicarbonate accumulation from medium of pH 7 to 11. Similar results were obtained with assays by photosynthetic 02 evolution or by accumulation of dissolved inorganic carbon inside the cells. The CO2 pump with Ko.5 for 02 evolution of less than 5 micromolar CO2 was similar to that previously studied with other green algae such as Chlamydomonas and was accompanied by plasmalemma carbonic anhydrase formation. The HC03-concentrating process between pH 8 to 10 lowered the Ko.5 (DIC) from 7300 micromolar HC03-in high CO2 grown Scenedesmus to 10 micromolar in air-adapted cells.
Ko.5(DIC), concentration of CO2 and/or HC03-to maintain 02 evolution at one-half Vmax in the light. 15, 20, 28) , whereas air-adapted blue-green algae (2) and Scenedesmus at alkaline pH have been used to study HC03-as well as C02 uptake. The principle investigator of the DIC pump with Scenedesmus was Findenegg (6) (7) (8) (9) , who showed that C02-grown, synchronized cultures ofScenedesmus, when changed to air levels of C02, formed a partial HC03-pump within 2 h in the light that functioned between pH 8 to 1. However, 4 to 6 h of air adaptation in light was required for full activation of the total DIC pump activity, which would function at both pH 5 and 9. A DIC pump for HC03-seemed essential for photosynthesis above pH 8.5, where there would be insufficient free C02 species in laboratory cultures for rapid photosynthesis. Unlike Scenedesmus many other unicellular green algae, such as Chiamydomonas, do not carry on much photosynthesis above pH 8 with limiting DIC levels. Upon formation of the DIC pump, the photosynthetic compensation point for Scenedesmus dropped from 55 ppm for high C02 grown cells to about 4 ppm for air-adapted cells (9) . The general requirements for formation of the DIC concentrating mechanisms in all unicellular algae have been low C02, light, and a time of 4 to 6 h (17) . Whereas all investigators of the DIC-pump have reported a light requirement for the formation and operation of the pump, or at least used light with low C02 as Findenegg did with Scenedesmus, we find that Scenedesmus will slowly form some activity for a DIC pump in darkness on low C02 between pH 8 to 11, but not for DIC uptake at acidic or neutral pH.
Many unicellular green algae have abundant external CA to increase the rate of C02 replacement from HC03-, as C02 crosses the plasmalemma into the cell. In addition, an energydependent DIC pump or membrane transport processes still seem necessary to concentrate DIC in the chloroplast. Moroney et al. (22) with chloroplasts from Chlamydomonas and Goyal and Tolbert (13) with chloroplasts from Dunaliella have reported that isolated chloroplasts from low-CO2 grown cells, but not from high-CO2 grown cells, concentrate DIC from the medium. DIC uptake by the isolated Dunaliella chloroplasts was inhibited by 1 mM vanadate (13) , which is an inhibitor of plasmalemma-type ATPases (4, 11, 26, 27) .
Plasmalemma ATPase forms a covalent phosphoenzyme intermediate. Vanadate competes with this phosphate binding, possibly because the pentavalent vanadium adapts to a trigonal bipyramidal structure that resembles the transition state of phosphate during the reaction (26, 27 (11, 16, 26) , this proposed Scenedesmus ATPase/ HC03-transport system is presumably accessible to vanadate at the outer surface of the plasmalemma. Thus, vanadate sensitivity can be used to differentiate between HCO3-transport at pH 8 to 11 and a CO2 concentrating process by whole cells between pH 5 to 8.
MATERIALS AND METHODS

Algal Culture
Scenedesmus obliquus, wild type strain D3, (10) was grown at 28°C in 250 mL tubes (420 x 37 mm) photoautotrophically under homocontinuous conditions. The density of the stock culture was maintained by an automatic device (25) at approximately 1 AL PCV mL-'. Similar results were also obtained by growing Scenedesmus in batch cultures. The growth medium was published previously (3) . Cultures were illuminated continuously by white fluorescent light (20 W m-2) and aerated with 3% C02-enriched air. Batch cultures were inoculated from a stock culture in 1:10 to 1:25 dilutions and cultures were grown for 24 TI ME (min) Figure 1 . Continuous 02 electrode recording of a 2 mL, low-CO2 grown, culture of Scenedesmus resuspended in 25 mm Na2HPO4 at pH 9. At first N2 was bubbled through suspension to lower the 02 level, then after about 1 min N2 aeration was stopped, light was turned on, and 02 evolution was followed until endogenous DIC was depleted. Subsequent experiments were then started with the addition of an aliquot of NaHCO3.
comparative character of the measurements, it was not necessary to calculate all the data on a Chl basis. However, 10 ,qL PCV contained about 50 ,ug Chl.
The Ko.5(DIC) for DIC-dependent oxygen evolution by a CO2 pump or by CO2 diffusion was measured at about pH 5 in 25 mm NaH2PO4 at which pH DIC was essentially all CO2 (21) . After C02-depletion ( Fig. 1) , aliquots of 5 to 20 uL NaHCO3 solutions of different concentrations were added to obtain final concentrations of 10 gM to 10 an acid and heat treatment as follows (26) . A vanadate solution was adjusted to pH 7.5 with HCG where the solution turned a yellow color. The yellow color disappeared upon boiling and cooling the solution and readjusting the pH to 7.5. This process of pH adjustment, heating, and cooling was repeated three to four times until development of the yellow color no longer occurred upon adjusting the pH to 7.5. After this treatment, the most dominant vanadate species would be H2VO4-and HV042-, which inhibit plasmalemma type ATPases (4, 18).
Sodium nitrate (1 M) was dissolved in distilled water. Acetazolamide (N-[5-sulfamoyl-1,3,4-thiadiazol-2-yl]-acetamide) was dissolved in ethanol and kept as a 10 mM stock solution in the dark.
Inorganic Carbon Uptake
For DIC uptake experiments 2 mL of cell suspension was centrifuged for about 5 s in a microfuge, the cell pellet was washed with 2 mL of 25 mm phosphate buffer at the assay pH, centrifugation was repeated, and the pellet was resuspended in 2 mL of freshly prepared 25 mm phosphate buffer at the assay pH. DIC uptake by Scenedesmus cells was estimated by silicone oil filtration (21) . Assays in 400 ,uL microfuge tubes were performed in light of 80 W. m2 at 25°C over a gradient of 25 gL of 1 M glycine and 0.75% (w/v) SDS at the bottom, overlaid with 75,uL of a silicone oil mixture (four parts of Wacker AR200 to one part of Wacker AR20 silicone oil from SWS Silicones, Adrian, MI). A large evaporating dish filled with cold water was placed on the top of the open microfuge with the loaded tubes so that heat from the illumination did not warm the cell suspension or change the viscosity of the silicone oil. Otherwise, slight changes in temperature could cause enough change in the viscosity of the silicon oil to result in mixing of the gradient layers during centrifugation. After preillumination for 1 min, DIC uptake was initiated by the addition of 5, L of NaH'4GO3 (Research Products International; specific radioactivity 35 mCimmol-1) and the incubation was terminated after 30 to 60 s by turning on the microfuge to 12,000 rpm. Where appropriate, 1 mM vanadate was added to the cell suspension at the beginning of the 1 min preillumination. DIC uptake was calculated by estimating the cell volume using '4C-sorbitol and 3H20 as previously described (21) . Total DIC uptake was determined by counting the '4C in the cell fraction; DIC accumulation was calculated by subtracting acid stable radioactivity from the total '4C uptake.
RESULTS
Measuring the DIC Pumps
Measurements of the rate of photosynthetic 02 evolution with added DIC were made by an 02 electrode. Homocontinuous and synchronized cultures of Scenedesmus had DIC pumps, if grown or adapted on air, as judged by lower DIC concentrations to obtain Ko.5(DIC). If the cells were grown on high CO2 (-3%) or were air-adapted in the dark, they required about eight-fold higher levels of DIC to attain the same rate of 02 evolution at acidic pH (Table I ). Both the 'CO2 pump' and 'HCO3-pump' were repressed by high CO2, as is true for other unicellular green algae (17, 28) . If the culture was switched from growth on high CO2 to low CO2 or air in light, the adaptation period to form the maximum DIC pump capacity was between 4 to 6 h (results not shown).
Cultures of low-CO2 grown Scenedesmus with their DIC pumps could rapidly and completely remove the residual NaHCO3 at pH 8 to 10 and would cease to evolve 02 in the light within 2 to 3 min (Fig. 1) . Similar results were obtained with high C02-grown Scenedesmus after air adaptation in the light for 4 to 6 h. Cultures of high-CO2 grown Scenedesmus, without a DIC pump, could only slowly deplete the residual DIC at alkaline or neutral pH, but not completely in our test period, so that net 02 evolution never became zero. All results on rate of photosynthetic 02 evolution versus DIC concentration were measured after first depleting the endogenous CO2 to low steady state level of 02 exchange in the light (Fig. 1) . Because some DIC pump could be formed within 1 h by Scenedesmus in low DIC, freshly harvested cultures were used either within 30 min or were kept on ice and used within 3 to 4 h. Upon addition of small aliquots of the NaHCO3, 02 evolution was renewed at a proportional rate and total 02 evolved was in a 1:1 stoichiometry to the added NaHCO3. Measurement could be repeated with variable amounts of NaHCO3 for several hours with the same aliquot of algae.
Aliquots of the culture could be taken directly from the growth tubes for some tests with the air-grown or -adapted cells. Because there was no DIC pump with high-CO2 grown cells and there was so much residual DIC, the DIC could not be depleted in the 02 electrode reaction chamber before alterations in the DIC pumps might occur in the high-CO2 grown cells. Also after about 10 min, 02 bubbles would form in the cuvette of the oxygen electrode that interfered with consistent readings. Bubbling with N2 to remove excess 02 did not remove the residual DIC at the alkaline pH used for Scenedesmus cultures. Therefore, best results were obtained with cells that had been removed from the growth medium by centrifugation for 5 min at 1,500g, washed once with a phosphate buffer nearly free of DIC, and resuspended (5 ,uL PCV mL-') in 25 mm phosphate buffer at different pH values before measuring the activity of the DIC pumps. For comparative purposes and ease of preparing low DIC buffer, the phosphate buffers were used at an initial pH of 5 or 9, although the main buffering range was between pH 6 to 8. The final pH of the algal suspensions was always checked, and in general, Ko.5(DIC) values were similar for acidic conditions between pH 4.8 to 6.0 when starting with 25 mM NaH2PO4 and for alkaline conditions at pH 8 to 10 obtained with Na2HPO4, so that exact pH control was not necessary.
Because of competition between O2 and CO2 for the ribulose bisphosphate carboxylase/oxygenase reactions, the rate of photosynthetic DIC-dependent 02 evolution was also dependent upon the O2 level in the O2 electrode chamber. In general measurements were carried out, after 1 min aeration with N2, over a range of 5 to 15% oxygen saturation, i.e. 25 to 75% air saturation. If the O2 level increased beyond its solubility in the buffer, as indicated by O2 bubbles, nitrogen was briefly bubbled through the medium to deplete the oxygen. Nevertheless, some variation in the initial rate of 02 evolution upon addition of NaHCO3 occurred because of variable 02 levels. The 02 level, however, did not alter the total amount of 02 evolved from the addition of a limited amount of NaHCO3. (Table I ). Similar Ko.5(DIC) values were obtained if the cultures had been grown rapidly and homocontinuously with 3% CO2 and then adapted for 4 to 6 h to low air levels of CO2 in light. These low levels of CO2 were obtained by adding equivalent amounts of NaHCO3 and, because the pH rose very little, assuming that it was nearly all converted to CO2 in the 25 mm phosphate at pH 5.
The time for formation of the DIC pumps in the light varied in part upon the rate and method of aeration to deplete the high endogenous CO2. In general, 4 to 6 h of aeration with air or by just shaking the culture flask was necessary to form the fully activated DIC pumps. The CO2 pump for DIC uptake at pH 5 was not formed in the dark (Table I) . These results for the CO2 pump formation are similar to previous work presented with other algae (16) , such as Chlorella (1) , Chlamydomonas (21, 28) , and Dunaliella (13) . As previously emphasized, the low Ko.5(DIC) for CO2 even at pH 5 by airadapted cells was evidence for a CO2 concentrating process that was more efficient than CO2 diffusion, as judged by higher values with CO2-grown cells.
In addition, according to , Scenedesmus will form a DIC pump for HC03-utilization at pH 8 to 1. This adaptation is presented in Figure 2 . High-CO2 grown cells had a Ko.5(DIC) at pH 9 of 7300 MM HCO3-( Fig. 2A) which decreased to 1O gM HC03-after high-CO2 grown cells had developed the HC03-pump in air or after cells were grown on air (Fig. 2B) . Full activation for the HC03-pump at pH 9 occurred in high-CO2 grown cells when aerated with air in the light for 4 to 6 h at pH 5, 6, 7, or 9. Partial activation of the alkaline HC03-pump in cultures grown on high CO2 occurred within 2 h at pH 9 in the light on low C02, well before the CO2 pump was activated. How fast the HCO3-pump could be activated has not been accurately determined because of slow removal of endogenous DIC at pH 9 by aeration with air. It is possible that as soon as most of the endogenous DIC was removed by photosynthesis in the light, the alkaline HCO3-pump was partially activated. conditions, the cultures had to be in the log-phase of growth and at a low density of around 1 to 5 ML PCV mL-'. The rate of photosynthetic 02 evolution at pH 9 in the light immediately after the dark activation period was less than 50% of the rate if the low-CO2 activation had occurred for 6 h in the light (results not shown). These observations suggest that a com-ponent of the CO2 concentration mechanism formed in the light, perhaps a chloroplast envelope ATPase, was also required for the alkaline HCO3-pump. It is possible that development of a plasmalemma HCO3-pump in the dark at alkaline pH was sufficient to increase the HCO3-concentration inside the cell, so that more internal DIC was available for CO2 diffusion into the chloroplast, enabling the algae to sustain some 02 evolution by photosynthesis, without other components of the complete DIC pump system. Cells were grown with high CO2 and air-adapted for 4 h at pH 5, 6, 7.2, and 9.0 in 25 mm phosphate buffers after which photosynthetic oxygen evolution was followed upon addition of either 25 or 50 ,AM HCO3-at pH 5.0, 6.0, 7.2, and 9.0, with and without vanadate (Fig. 3) . At these low HC03-concentrations, DIC pumps are required for rapid photosynthesis. Acetazolamide and ethoxyzolamide, by inhibiting carbonic anhydrases, block the CO2 concentrating processes (20, 28) . About 0.5 mM vanadate inhibited the HC03-concentration mechanism by whole Scenedesmus cells at pH 8 to 10 (Fig.   3 ). The Ki (vanadate) for inhibition at pH 9 was around 0.15 mm (Fig. 4) . Vanadate did not inhibit the CO2 pump at pH 5 or 6 + 0.5, but if the pH was at pH 8 to 10, vanadate was inhibitory (Fig. 3) . Vanadate inhibition of 02 evolution at pH NaNO3, an inhibitor of vacuolar membrane ATPase, did not inhibit the alkaline HCO3-pump ofScenedesmus (results not shown). Acetazolamide, to inhibit carbonic anhydrase, at 100 ,lM did not inhibit the HCO3-pump or the rate of photosynthetic 02 evolution at pH 9 upon addition of Na-HCO3 (results not shown). Acetazolamide did inhibit the CO2 pump. These results were consistent with the uptake ofHCO3-rather than CO2 at the alkaline pH.
One mm vanadate did not inhibit 02 evolution by cells grown on high CO2 or by air-adapted cells at pH 5 to 6. In the presence of 1 mM vanadate, at pH 9, the Ko.5 (DIC) for 02 evolution should have been a high value, similar to the Ko.5 for C02-grown cells. Thus, addition of more NaHCO3 up to 10 mm only partially reversed the vanadate inhibition. However, vanadate inhibition at pH 9 could be reversed upon removal of the external vanadate by twice washing the algae with growth medium. Since vanadate does not cross plasmalemma membrane in significant amounts in the time of these experiments, only vanadate at the outer surface of the cell had to be removed to reverse the vanadate inhibition.
Effect of Vanadate on 14C-Inorganic Carbon Uptake The effect of 1 mM vanadate on inorganic carbon uptake by air-adapted cells of Scenedesmus was tested at both pH 7.2 and 9.0 by incubating the cells with or without vanadate for 1 min in the presence of 150 ,M [4C]HC03- (Fig. 5, A-D) .
C02-grown cells without a DIC pump accumulated only 0.4 mm inorganic carbon when assayed at pH 7.2, whereas no accumulation occurred when cells were assayed at pH 9.0 (results not shown). An apparent explanation for this difference is that at pH 7.2 some DIC was in the form of CO2 which could diffuse into the cells to be accumulated by a pH gradient. However, at pH 9.0 almost all DIC was in the form of HCO3-, but since there was no bicarbonate pump in CO2-grown cells, bicarbonate ions were not absorbed by the cells. Vanadate had no effect on DIC uptake by C02-grown cells.
Air-adapted Scenedesmus cells in phosphate buffer at pH 7.2 accumulated inorganic carbon in 1 min to 1.75 mm at pH 7.2 and to 0.9 mM at pH 9 (Fig. 5, A and B) . This carbon uptake was inhibited about 60% by a 1 mM vanadate at both (A) Air-adpted at pH 72 Tested s pH 9 70 Tosted at pH 7.2Tndatp90 Because Scenedesmus also formed a partial HCO3 pump in the dark, accumulation of DIC at pH 9 in the dark may also occur, which would require respiratory ATP. Scenedesmus cells in 25 mm phosphate buffer at pH 7.2 or 9 were incubated for 4 h in the light to form the DIC pumps, and then '4G-labeled HCO3-uptake was measured in the dark for 60 s. In this experiment nonadapted, C02-grown control cells accumulated about 0.2 mm DIC at pH 7.2 or 0.04 mm at pH 9. Cells that had been air-adapted at pH 9 accumulated 0.44 mM NaHCO3 at either pH 7.2 or 9 in the dark. Thus, the adapted cells with a HCO3-pump took up 10-fold more HCO3-at pH 9 in the dark than C02-grown cells without DIC pumps. This limited accumulation of HCO3-in the dark by air-adapted cells suggested that part of the DIC pump at pH 9 could function in the dark with respiratory ATP. The results are consistent with a plasmalemma ATPase/HCO3_ transporter in air-adapted cells that functions at alkaline pH to exchange HCO3-in the dark.
DISCUSSION
Scenedesmus obliquus appears to have two DIC-concentrating systems in addition to CO2 diffusion in and out of the cell (Fig. 6) . One uses CO2 from the medium in conjunction with an external CA (8) and has been demonstrated by a Ko.5(DIC) during photosynthesis at much lower CO2 concentrations for air-adapted cells at pH 5 to 7 than for high CO2-grown cells into which CO2 may enter mainly by diffusion. This system has been considered to be a 'CO2 pump ' and in Chlamydomonas it has a Ko.5(DIC) for photosynthesis with about 1 AM C02. At a higher pH of 8 to 8.5, 2700 Mm HCO3-was required to reach Ko.5(DIC). Likewise with air-adapted Scenedesmus, the Ko.5(DIC) at pH 5 to 6 required only 5 uM CO2, but 8 times higher CO2 was needed at this pH for the Ko.5(DIC) by C02-grown cells. In addition, the CO2 pump when present in unicellular algae is inhibited by COS (19, 23) or H2S (5) and by salicylhydroxamic acid in Dunaliella (14) . The other DIC-concentrating mechanism in Scenedesmus is considered to be an alkaline HCO3-transporter which functions between pH 7 to 11. With this pump the Ko.5(DIC) during photosynthesis drops from about 7300 AM HC03-for high-CO2 grown cells to about 10 AM HCO3-for air-adapted cells. The steps of this sequence are postulated to be HC03-import from the medium into the cell, probably HC03-import from the cytosol into the chloroplasts, and then conversion to C02 in the chloroplasts (Fig. 6 ). Because this HCO3-transporter is inhibited by 0.5 to 1.0 mm vanadate in the medium (Fig. 3) Light activation of the CO2 pump and the HCO3 pump occurred in media at all pH (5-9). These conclusions can be deduced from data in Figure 3 . Thus, the CO2 pump was formed when the Scenedesmus were incubated for 4 h at pH 9 or 5 or 6 and the HCO3-pump was formed in light at pH 5 to 7. However, in the dark for 8 to 12 h, when partial activation of the HC03-pump occurred, the CO2 pump remained inactive.
ATP for the Scenedesmus plasmalemma HCO3-pump could be derived from glycolysis, the photosynthetic triose-P shuttle, or from mitochondrial respiration. Partial activation of this HC03-plasmalemma pump in the dark and dark accumulation of DIC at pH 9 suggest that the ATP from dark respiration may be sufficient for part of the HCO3-pump.
The Scenedesmus C02 pump at pH 5 to 6 reduces the CO2 requirement for a photosynthetic Ko.5(DIC) from about 50
Mm in C02-grown cells to around 1 to 5 gM in air-adapted cells. Because the need for a CO2 pump at pH 5 to 6 is less critical, where most of the DIC is CO2 which can diffuse into the chloroplast, and because a pH gradient from over pH 8 in the chloroplast to pH 5 in the medium would create a nonenzymatic CO2 gradient to concentrate DIC in the chloroplast, one must also consider how much of the CO2 accumulation in Scenedesmus is due only to a pH gradient. Findenegg (7) has shown an increase in both exterior and interior CA after 4 h in the light on low CO2, but these CAs could be used also as part of a CO2 concentrating process using CO2 diffusion by a pH gradient without a chloroplast envelope DIC pump. Whether Scenedesmus have a chloroplast ATP/HCO3-transporter system, as well, will have to be evaluated.
